The effective dose of six herbicidal ionic liquids containing glyphosate [N-(phosphonomethyl)glycine] was investigated. Varied biological activity of the tested compounds was observed depending on the type of cation and targeted plant species. In the case of common lambsquarters, the lowest effective dose was obtained for compounds containing didecyldimethylammonium and di(hydrogenated tallow)dimethylammonium cations. In the case of white mustard, the lowest ED50 and ED90 values were obtained for the reference compound, which contained glyphosate isopropylamine salt. These parameters were determined using dose efficiency curves based on log-logistic models with three or four parameters. The study indicates that ionic liquids with glyphosate may be used as a new form of this herbicide in the future.
Introduction
The use of chemicals is currently the most effective, cheapest and most commonly used method of weed control. Approximately 130 chemical compounds are used for this purpose as selective herbicides. Additionally, approximately 30 other chemical compounds are used as non-selective herbicides (Müller et al., 2014) . Glyphosate [N-(phosphonomethyl) glycine] is the most widely used non-selective herbicide worldwide, and successfully combats a wide range of mono-and dicotyledonous weed species, both annual and perennial. The cultivation of genetically modified plants towards resistance to this herbicide is a relatively new area of application of glyphosate in some countries. The global area of cultivation of such crops is consistently growing, especially in such countries as the USA, Brazil, Argentina and China. In the preparations currently available on the market, glyphosate is most commonly present in the form of an isopropylamine salt, but other forms such as ammonium, sodium, potassium and trimethylsulphonium salts are also known.
The results of studies regarding the synthesis and biological activity of new forms of glyphosate as ionic liquids have been recently published by Choudhary et al. (2017) and Pernak et al. (2014) .
The purpose of the present study was to determine the relationship between the glyphosate dose and the fresh weight of plants to estimate the effective dose (ED50, ED90) of six compounds with various cations, which are mostly of natural origin. The studies are a follow-up to research regarding the effectiveness of ionic liquids containing the glyphosate anion.
Materials and methods

Characteristic tested herbicidal ionic liquids with glyphosate
Six herbicidal ionic liquids containing glyphosate (N-(phosphonomethyl)glycine) with the chemical formula presented in Figure 1 were used in the studies. Their synthesis was described by Pernak et al. (2014) . The commercial herbicide Roundup 360 SL, containing 360 g of glyphosate in the form of the isopropylammonium salt per 1 L of preparation (Monsanto Europe SA/NV, Antwerp, Belgium) was selected as the reference product. The tested compounds were synthesized at Poznań University of Technology, and their structures were confirmed by means of proton, carbon and phosphorous magnetic resonance spectroscopy. The cations of the tested compounds are listed in Table 1 .
Despite the fact that glyphosate is a solid with a high melting point (Tm = 200 °C) (Senseman et al., 2007) , only one compound among the six synthesized salts was a solid. [Arq 2HT][Glyph], which possessed two long chains containing a mixture of (hydrogenated tallow) alkyl substituents, was found to have a melting point of 45 °C and a crystallization point of 38 °C during cooling. The remaining HILs were liquids with high viscosity, which exhibited only a glass transition temperature, as shown by Pernak et al. (2014) . Those authors also reported that the lowest glass transition temperature was observed in case of [Glyph], which had two hydroxyethyl groups in the cation; the highest glass transition temperature was recorded for [DDA] [Glyph], which lacked hydroxyethyl groups in its structure. Pernak et al. (2014) replicates for the two tested plant species. After treatment, the plants were placed in the greenhouse again for a period of three weeks, and after that time their weight was determined.
Statistical methods
The effect of glyphosate was investigated on the basis of measurements of fresh plant mass. In order to determine the relationship between the glyphosate dose and the fresh weight of the plants, a method based on dose response curves was used. The reduction of plant mass with increasing glyphosate dose was described using an appropriate non-linear regression model. In cases where the assumption of homogeneity of variance was not satisfied, the Box-Cox transformation with the λ parameter was used. The optimal λ value was determined using a profile likelihood approach: for each lambda value the dose-response regression model was fitted and the lambda value (and corresponding model fit) resulting in the largest value of the log likelihood function was chosen (Carroll and Ruppert, 1988; Ritz et al., 2015) .
The best fit was obtained in case of a log-logistic curve with four or three (c = 0) parameters, based on the function:
where the parameter e corresponds to the ED50 value and denotes the dose for which the function assumes a value which is half the distance between its upper limit d and lower limit c (Streibig et al., 1993) . The relevance of the model (lackof-fit) was examined. A classical lack-of-fit test (Bates and Watts, 1988 ) was used to compare the dose-response model with a more general ANOVA model using an approximate F-test. Based on the fitted models, the average effective dose (ED50) and 90% effective dose (ED90) were determined for each compound. The analyses were performed using the DRC package (Ritz and Streibig, 2005) for the R environment (The R Core Team, 2013).
Results
The dependence of fresh plant weight on the glyphosate dose was determined for both plant species -common lambsquarters and white mustard. The control The effective doses of the new forms of glyphosate with respect to common lambsquarters, and other parameters of the log-logistic curve, are given in Table 3 . Table 3 . Effective dose of new forms of glyphosate with respect to common lambsquarters, and other parameters of the log-logistic curve b -curve slope factor; c -lower limit; d -upper limit
In the determination of the effective dose of the compound, the parameter c (the lower limit of the curve) is crucial, providing insight regarding the values to which plant weight can be reduced using the proper dose of the given compound. 
The average reductions of fresh mass of white quinoa by the tested compounds are given in Table 3 ).
The dependence of fresh weight of white mustard plants on the dose of the active ingredient is presented in Figure 4 . The model (1) with four parameters was adapted for both the test compounds and the reference preparation Glyph-IPA. The significance of model fitting is presented in Table 5 . In this experiment, there was no significant difference between the tested compounds (Table 6 and 7 The lowest values of the lower limit of curves were observed for herbicidal ionic liquids containing Ethoquad O-12 in their structure. In the case of ionic liquids with Ethoquad C-12 and Arquad 2HT at high concentrations (doses) up to 90%, reduction of fresh plant weight was achieved ( 
